Development and Use of Ecological Modules in Resource Development Simulation by Holling, C.S.
Development and Use of 






Holling, C.S. (1973) Development and Use of Ecological Modules in Resource Development Simulation. IIASA 
Research Memorandum. Copyright © October 1973 by the author(s). http://pure.iiasa.ac.at/59/ All rights 
reserved. Permission to make digital or hard copies of all or part of this work for personal or classroom use is 
granted without fee provided that copies are not made or distributed for profit or commercial advantage. All 
copies must bear this notice and the full citation on the first page. For other purposes, to republish, to post on 
servers or to redistribute to lists, permission must be sought by contacting repository@iiasa.ac.at 
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Resea rch  Memoranda a r e  i n f o r m a l  p u b l i c a t i o n s  
r e l a t i n g  t o  ongoing o r  p r o j e c t e d  a r e a s  o f  r e -  
s e a r c h  a t  I I A S A .  The views e x p r e s s e d  a r e  
t h o s e  o f  t h e  a u t h o r ,  and do n o t  n e c e s s a r i l y  
r e f l e c t  t h o s e  o f  I I A S A .  

Development and Use o f  E c o l o g i c a l  Modules 
i n  Resource Development S i m u l a t i o n  
C.S. H o l l i n g  
A b s t r a c t  
Th is  paper  reviews t h e  approaches  we have developed f o r  
m o d e l l i n g  b i o l o g i c a l  i n t e r r e l a t i o n s  w i t h i n  e c o l o g i c a l  sys tems  
and d e s c r i b e s  how t h e s e  a r e  i n c o r p o r a t e d  w i t h i n  s i m u l a t i o n  
models o f  r e s o u r c e  and env i ronmenta l  problems which have 
economic, s o c i a l ,  and p h y s i c a l  d imens ions  i n  a d d i t i o n  t o  
e c o l o g i c a l  ones .  
I. Development o f  E c o l o ~ i c a l  Modules 
There  i s  a  p r e s s i n g  need f o r  v a l i d a t e d  submodels o f  key * 
e c o l o g i c a l  p r o c e s s e s  ( e . g .  p r e d a t i o n ,  c o m p e t i t i o n ,  r e p r o d u c t i o n ,  
e t c . )  which a r e  g e n e r a l ,  p r e c i s e ,  and r e a l i s t i c .  One o f  our  
a i m s  i s  t o  deve lop  a  l i b r a r y  o f  modules which can  be used 
w i t h i n  any model i n v o l v i n g  e c o l o g i c a l  r e l a t i o n s h i p s .  The 
aim i s  t o  deve lop  e q u a t i o n s  which,  w i t h  t h e  minimum number 
of p a r a m e t e r s ,  c o n t a i n  t h e  v a r i e t y  o f  b e h a v i o r s  o c c u r r i n g  i n  
n a t u r e .  The approach used t o  d e v e l o p  t h e s e  p r o c e s s  sub-  
models i n v o l v e s  f o u r  s t a g e s ,  each o f  which i s  demons t ra ted  
i n  t h i s  paper  by s p e c i f i c  examples i n v o l v i n g  p r e d a t i o n  and 
c o m p e t i t i o n .  
A .  Systems C o n c e p t u a l i z a t i o n  and I d e n t i f i c a t i o n  
1) The p r o c e s s  i s  decomposed i n  a s e r i e s  o f  s t e p s  
i n t o  i t s  c o n s t i t u e n t  components. The components a r e  f o r m a l l y  
d e f i n e d  a s  t h o s e  monotonic r e l a t i o n s  whose d i f f e r e n t i a l s  
a r e  a l s o  monotonic,  i . e .  s i m p l e  f ragments  i n  which t h e  
f u n c t i o n  c o n s i s t e n t l y  r i s e s  o r  f a l l s  i n  a l i n e a r ,  convex, 
o r  concave manner. The advantage of t h i s  d e f i n i t i o n  i s  
t h a t  each  r e l a t i o n s h i p  i s  t h e n  s o  s i m p l e  i t  i s  p o s s i b l e  t o  
e r e c t  a l t e r n a t e  hypo theses  of  causa t io r i  and d e s i g n  t h e  
c r i t i c a l  exper iments  n e c e s s a r y  t o  t e s t  t h e  hypo theses .  
2 )  The components a r e  then  i d e n t i f i e d  a s  b a s i c  o r  
s u b s i d i a r y  ones .  The former  a r e  u n i v e r s a l  components which 
u n d e r l i e  a l l  examples o f  t h e  p r o c e s s ,  and t y p i c a l l y  concern 
fundamental  a t t r i b u t e s  o f  s p a c e  and t ime.  The l a t t e r  a r e  
b e h a v i o r a l  o r  p h y s i o l o g i c a l  components which can be  p r e s e n t  
i n  some s i t u a t i o n s  and absen t  i n  o t h e r s  ( e . g .  l e a r n i n g ) .  I t  
i s  t h e s e  s u b s i d i a r y  components which g e n e r a t e  t h e  g r e a t  
v a r i e t y  o f  forms found i n  e c o l o g i c a l  p r o c e s s e s .  A s  an 
example,  t h e  p r e d a t i o n  p r o c e s s  h a s  n i n e  s u b s i d i a r y  components 
which can  be p r e s e n t  o r  a b s e n t ,  s o  t h a t  p o t e n t i a l l y  t h e r e  
can  b e  2' o r  512 s t r u c t u r a l l y  d i f f e r e n t  v a r i a n t s  o f  t h i s  
r e s p o n s e .  The g r e a t  advan tage  o f  t h i s  t e c h n i q u e  o f  decompo- 
s i t i o n  and o r g a n i z a t i o n  o f  components i s  t h a t  t h i s  h i g h  
v a r i e t y  can be t r a c e d  t o  t h e  o p e r a t i o n  o f  a  manageable number 
of  components s i n c e  t h e  v a r i e t y  i n c r e a s e s  g e o m e t r i c a l l y  a s  
t h e  components i n c r e a s e  a r i t h m e t i c a l l y .  
B. Exper imenta l  Ana lys i s  and Model Development 
The above c o n c e p t u a l  framework d e f i n e s  t h e  s e t  o f  
r e l a t i o n s h i p s  t h a t  must be  s p e c i f i e d  f o r  t h e  whole p r o c e s s .  
Where few d a t a  a r e  a v a i l a b l e ,  e x p e r i m e n t a l  a n a l y s i s  i s  
n e c e s s a r y  and t h e  framework p r o v i d e s  t h e  o r g a n i z a t i o n  
needed t o  d e v e l o p  a  sequence o f  e x p e r i m e n t a l  s t e p s  from 
which t h e  model e v o l v e s .  The f i r s t  s t e p  i s  t o  d e v i s e  o r  
d i s c o v e r  a  s i t u a t i o n  which i s  r e d u c e d  t o  a  s e t  o f  t h e  b a s i c  
components and no o t h e r s .  Because i t  i s  s o  reduced ,  it i s  
s imple  enough t o  u n r a v e l ,  e x p e r i m e n t a l l y ,  t h e  a c t  i o n s  o f  
and  i n t e r a c t i o n s  between t h e  s m a l l  number o f  components. 
When a d e q u a t e  hypo theses  have w i t h s t o o d  e x p e r i m e n t a l  t e s t i n g ,  
t h e y  a r e  e a c h  e x p r e s s e d  a s  a  f r a g m e n t a l  e q u a t i o n  o f  a 
s p e c i f i c  a c t i o n  o r  i n t e r a c t i o n .  These can t h e n  be combined 
i n t o  a  b a s i c  e q u a t i o n  r e p r e s e n t i n g  t h e  combined a c t i o n  o f  
t h e  b a s i c  components. T h i s  p r o v i d e s  t h e  b a s e  t o  p r o c e e d  
t o  t h e  n e x t  s t e p  where one a d d i t i o n a l  s u b s i d i a r y  component 
i s  added. Again, a  s i t u a t i o n  i s  d e v i s e d  which i s  more 
complex o n l y  by t h e  a d d i t i o n  o f  t h a t  component and i s  
s u f f i c i e n t l y  amenable t o  minimize t h e  p r a c t i c a l  problems o f  
e x p e r i m e n t a l  a n a l y s i s .  I n  t h i s  manner, t h e r e f o r e ,  more and 
more o f  t h e  p r o c e s s  i s  ana lyzed  and i n c o r p o r a t e d  w i t h i n  a  
d e t e r m i n i s t i c  s i m u l a t i o n  model which c o n t a i n s  t h e  d e t a i l e d  
c a u s a l  r e l a t i o n s .  
C. P r o c e s s  (Systems ) A n a l y s i s  
The c o n c e p t u a l  framework can be used t o  deduce t h e  
q u a l i t a t i v e  t y p e s  o f  r e s p o n s e  t h a t  a r e  p o s s i b l e .  Many o f  
t h e  components,  a l t h o u g h  d i f f e r e n t  i n  c a u s a t i o n ,  have ve ry  
s i m i l a r  e f f e c t s .  Thus ,  a l t h o u g h  t h e  n i n e  s u b s i d i a r y  components  
o f  p r e d a t i o n  g e n e r a t e  512 s t r u c t u r a l l y  d i f f e r e n t  c a s e s ,  t h e s e  
c o l l a p s e  i n t o  e i g h t  q u a l i t a t i v e  t y p e s  o f  r e s p o n s e ,  e a c h  w i t h  
a  u n i q u e  form o f  b e h a v i o r .  Each r e p r e s e n t s  a  b i o l o g i c a l l y  
l i m i t i n g  c o n d i t i o n  d e f i n e d  by t h e  a b s e n c e  o f  s p e c i f i c  sub-  
s i d i a r y  components and e a c h  h a s  s u b s e q u e n t l y  been shown t o  
e x i s t  i n  n a t u r e .  A t  t h e  same t i m e ,  t h e  f u l l  s i m u l a t i o n  model 
c a n  b e  u s e d  t o  g e n e r a t e  t h e s e  same c a s e s  e i t h e r  e x p l i c i t l y  
o r  a s  t h e  consequence  o f  a  s e n s i t i v i t y  a n a l y s i s .  A s  t h i s  
i s  d o n e ,  i t  becomes p o s s i b l e  t o  d e f i n e  p r e c i s e l y  t h e  
b i o l o g i c a l  and p h y s i c a l  c o n d i t i o n s  which d e f i n e  e a c h  r e s p o n s e  
t y p e .  
D .  Development o f  an  A n a l y t i c a l l y  T r a c t a b l e  Module 
The s i m u l a t i o n  model1 s main v a l u e  i s  a s  a  b a s e  f o r  
d e d u c t i o n  and e x p e r i m e n t a t i o n .  Because  o f  t h e i r  c o m p l e x i t y  
and  l a r g e  number o f  p a r a m e t e r s ,  tHey g e n e r a l l y  a r e  n o t  
p r a c t i c a l  modules t o  u s e  i n  t h e  a n a l y s i s  o f  a  s p e c i f i c  
r e s o u r c e  o r  e n v i r o n m e n t a l  problem.  I n  such  c a s e s  i t  i s  
e s s e n t i a l  t o  have s i m p l e ,  a n a l y t i c a l l y  t r a c t a b l e  modules  
which a r e  r e d u c e d  t o  t h e  minimum number o f  p a r a m e t e r s  and 
y e t  s t i l l  g e n e r a t e  e a c h  o f  t h e  q u a l i t a t i v e l y  d i s t i n c t  t y p e s  
o f  r e s p o n s e .  I n  t h e  p r e d a t i o n  example ,  we were  a b l e  t o  
d e s i g n  s u c h  a  module which c o l l a p s e s  t h e  50+ p a r a m e t e r s  o f  
t h e  s i m u l a t i o n  model i n t o  a  t r a c t a b l e  f i v e  p a r a m e t e r  v a r i a n t .  
It g e n e r a t e s  e a c h  o f  t h e  e i g h t  q u a l i t a t i v e  t y p e s  and  f a i t h f u l l y  
d e s c r i b e s  a l l  t h e  r e a l  l i f e  examples o f  p r e d a t i o n ,  
c o m p e t i t i o n  by p r e d a t o r s ,  and g r a z i n g  i n  t h e  l i t e r a t u r e .  
It  r e p r e s e n t s  a  ve ry  g e n e r a l  and t e s t e d  r e s o u r c e  a c q u i s i t i o n  
module.  
E. test in^ t h e  Module 
I n  t h e  f i n a l  s t a g e  t h e  d e s c r i p t i v e  power o f  t h e  module 
i s  t e s t e d  i n  two w a y s - - f i r s t  a g a i n s t  a l l  t h e  c a s e s  g e n e r a t e d  
by t h e  f u l l  s i m u l a t i o n  model and second a g a i n s t  d a t a  i n  t h e  
l i t e r a t u r e  r e l a t i n g  t o  t h e  r e s p o n s e .  
11. Development o f  Reg iona l  Models 
A l i b r a r y  o f  g e n e r a l i z e d  and t e s t e d  modules i s  t h e  f i r s t  
i m p o r t a n t  i n g r e d i e n t  i n  d e v e l o p i n g  a  new g e n e r a t i o n  o f  models 
which f o c u s  on s p e c i f i c  r e s o u r c e  o r  env i ronmenta l  problems. 
Such examples  owe t h e i r  s p e c i f i c  c h a r a c t e r  t o  t h e  s p e c i f i c  
a c t o r s  i n  t h e  sys tem and t o  t h e  s p e c i f i c  t y p e  o f  s e q u e n c i n g  
o f  e v e n t s  i n  s p a c e  and t ime.  But i n  a l l  c a s e s  t h e  g e n e r a l i z e d  
modules can p r o v i d e  t h e  u n i v e r s a l  f u n c t i o n s  f o r  l i n k i n g  t h e s e  
~ 
e v e n t s .  Only a  few w e l l  developed modules o f  t h i s  q u a l i t y  
a r e  a v a i l a b l e  b u t  temporary and t e n t a t i v e  f u n c t i o n s  e x i s t  
o r  can  be q u i c k l y  deve loped  f o r  u s e  i n  r e g i o n a l  s i m u l a t i o n  o f  
t h e  e n v i r o n m e n t a l  consequences  o f  development.  
The second i m p o r t a n t  i n g r e d i e n t  i n  d e v e l o p i n g  r e g i o n a l  
models i s  an environment  f o r  i n c l u s i o n  o f  t h e  economic and  I 
s o c i a l  d imens ions  a s  w e l l  a s  t h e  e c o l o g i c a l  o n e s .  I n  o u r  
examples  we deve lop  t h e  models w i t h  a a m a l l  g roup  of  e c o n a n i s t s ,  
e c o l o g i s t s ,  ma themat ic ians ,  and r e s o u r c e  s p e c i a l i s t s ,  con- 
c e n t r a t i n g  i n i t i a l l y  on d e s i g n i n g  a  rough model a s  q u i c k l y  
a s  p o s s i b l e .  A s  t h e  p r o p e r t i e s  of  t h i s  model a r e  e x p l o r e d  
i n  s i m u l a t i o n ,  t h e  s e n s i t i v e  p o i n t s  a r e  i d e n t i f i e d  s o  t h a t  
p r i o r i t i e s  f o r  r e s e a r c h  and d a t a  can be i d e n t i f i e d  t o  pe rmi t  
t h e  nex t  c y c l e  o f  model r e v i s i o n  and p o l i c y  a n a l y s i s .  Through 
t r i a l  and e r r o r  we have developed a  number o f  d e v i c e s  t o  
f a c i l i t a t e  communication a c r o s s  d i s c i p l i n a r y  l i n e s .  These 
i n c l u d e  t y p e s  o f  f low c h a r t s ,  c ross - impac t  v a r i a b l e  m a t r i c e s ,  
d e g r e e  o f  p r e c i s i o n  t a b l e s  and i n t e r a c t i v e  computer g r a p h i c  
d i s p l a y s .  Examples w i l l  be p r e s e n t e d .  
The t h i r d  e s s e n t i a l  i n g r e d i e n t  i s  t o  a s s u r e  t h a t  t h e  
models have p o l i c y  r e l e v a n c e ,  i . e .  respond t o  t h e  a p p r o p r i a t e  
q u e s t i o n s .  We a t t e m p t  t o  a c h i e v e  t h i s  by i n v o l v i n g  p o l i c y  
p e o p l e  from a g e n c i e s  a s  an i n t e g r a l  p a r t  o f  t h e  model b u i l d i n g  
e f f o r t .  T h e i r  pr imary r o l e  i s  t o  d e f i n e  g o a l s  and d i s a g g r e -  
g a t e  t h e  system i n t o  r e l e v a n t  impact v a r i a b l e s  of  impor tance  
i n  p o l i c y  d e c i s i o n .  T h i s  p r o c e s s  i s  d i s t i n c t  from t h e  model 
b u i l d e r s  ' d i s a g g r e g a t i o n  i n t o  submodels and s t a t e  v a r i a b l e s ,  
bu t  e a c h  p r o c e s s  i n t e r a c t s  w i t h  t h e  o t h e r .  I n  a d d i t i o n ,  
t h e y  become an i n t e g r a l  p a r t  o f  t h e  model b u i l d i n g  e f f o r t  
and f o r  t h a t  r e a s o n  deve lop  a  more e f f e c t i v e  u n d e r s t a n d i n g  
o f  t h e  weaknesses  and l i m i t s  o f  t h e  model. 
The f i n a l  i n g r e d i e n t  r e l a t e s  t o  use  o f  t h e  models.  To 
d a t e ,  we have l a r g e l y  c o n f i n e d  o u r s e l v e s  t o  i n t e r a c t i v e  man- 
machine gaming s i m u l a t i o n s  u s i n g  g r a p h i c  d i s p l a y s .  I n  t h i s  
way, some s e n s e  o f  t h e  e f f e c t  o f  s p e c i f i c  i n t e r v e n t i o n s  i s  
o b t a i n e d ,  s e t s  o f  p o l i c i e s  a r e  d e f i n e d  and  a l t e r n a t e  f u t u r e s  
e x p l o r e d .  We n e e d  now t o  a d d  more f o r m a l  t e c h n i q u e s  o f  
p o l i c y  a n a l y s i s .  Most i m p o r t a n t ,  we n e e d  t o  d e v e l o p  more 
e f f e c t i v e  ways o f  p r e s e n t i n g  i n f o r m a t i o n  i n  f o r m s  wh ich  a r e  
u n d e r s t a n d a b l e  t o  and c o n t r o l l a b l e  by t h e  v a r i o u s  r o l e  p l a y e r s  
i n  t h e  d e c i s i o n  p r o c e s s .  
111. B e h a v i o r  o f  Models  
The above  t e c h n i q u e s  w i l l  b e  i l l u m i n a t e d  by r e f e r e n c e  
t o  t h e  b e h a v i o r  o f  t h r e e  models - -a  r e c r e a t i o n a l  l a n d  u s e  
mode l  o f  a  p o r t i o n  o f  B r i t i s h  Columbia ,  a l a n d  u s e  model  o f  
a l a r g e  h y d r o e l e c t r i c  power  deve lopmen t  i n  N o r t h e r n  Canada ,  
and  an  e c o l o g i c  a 1  model  o f  p r e d a t o r - p r e y  i n t e r a c t  i o n .  
I n  o u r  e x p l o r a t i o n s  o f  t h e  b e h a v i o r  o f  t h e s e  mode l s  a  
number o f  d i f f e r e n t  c h a r a c t e r i s t i c s  have  emerged .  One o f  
t h e  more i n t e r e s t i n g  c o n c e r n s  a  g e n e r a l  t e n d e n c y  o f  t h e  
m o d e l l e d  s y s t e m s  t o  e x h i b i t  more t h a n  o n e  domain o f  " s t a b i l i t y "  
o r  a t t r a c t i o n  a r o u n d  e q u i l i b r i u m  p o i n t s ,  t r a j e c t o r i e s  o r  
l i m i t  c y c l e s ,  w i t h  a t  l e a s t  0.e domain bounded by an u n s t a b l e  
l i m i t  c y c l e .  The f e a t u r e  o f  t h e s e  b o u n d a r i e s  i s  t h a t  t h e y ,  
r a t h e r  t h a n  t h e  a r e a  i m m e d i a t e l y  s u r r o u n d i n g  t h e  v a r i o u s  
e q u i l i b r i u m  s t a t e s ,  a r e  c r i t i c a l  t o  t h e  o v e r a l l  b e h a v i o r  o f  
t h e  s y s t e m .  P o i n t s  on e i t h e r  s i d e  o f  t h e  bounda ry  w i l l  
u l t i m a t e l y  t r a c k  t o  t h e i r  r e s p e c t i v e  p r e d i c t a b l e  e q u i l i b r i u m  
s t a t e s ;  p o i n t s  n e a r  t h e  bounda ry  a r e  l i a b l e  t o  b e  f l i p p e d  
a c r o s s  i t  f rom one  domain o f  s t a b i l i t y  t o  a n o t h e r  i n  t h e  
f a c e  o f  s m a l l  p e r t u r b a t i o n s .  The s i z e  o f  t h e  domain and 
t h e  s t r e n g t h  o f  t h e  damping f o r c e s  n e a r  i t s  bound ing  edge  
t h u s  i n  l a r g e  p a r t  c h a r a c t e r i z e  t h e  a b i l i t y  o f  t h e  s y s t e m  t o  
m a i n t a i n  a  s t r u c t u r a l  i n t e g r i t y  i n  t h e  f a c e  o f  unexpec ted  
p e r t u r b a t i o n s .  I f  t h e  domain is r e l a t i v e l y  s m a l l ,  t h e n  a  
s m a l l  p e r t u r b a t i o n  can f l i p  t h e  s y s t e m  i n t o  a n o t h e r  domain,  
t h u s  a l t e r i n g  i t s  s u b s e q u e n t  b e h a v i o r  o u t  o f  a l l  p r o p o r t i o n  
t o  t h e  s i z e  and d u r a t i o n  o f  t h e  p e r t u r b a t i o n  a p p l i e d .  More- 
o v e r ,  t h e  weaker  t h e  damping f o r c e s  i n  t h e  v i c i n i t y  o f  t h e  
boundary ,  t h e  g r e a t e r  t h e  l i k e l i h o o d  t h a t  a  s m a l l  p e r t u r b a t  i o n  
w i l l  c a u s e  t h a t  boundary t o  be c r o s s e d ,  r e g a r d l e s s  o f  t h e  
s i z e  o f  t h e  r e s p e c t i v e  domains .  F i n a l l y ,  we n o t e  t h a t  i n  
o u r  e c o l o g i c a l  examples  t h e  p a r a m e t e r  v a l u e s  o c c u r r i n g  i n  
n a t u r e  seem g e n e r a l l y  t o  p roduce  domains t h a t  a r e  l a r g e ,  w i t h  
r a t h e r  weak damping a round  t h e  e q u i l i b r i u m  and s t r o n g  damping 
a t  t h e  b o u n d a r i e s .  
From an e q u i l i b r i u m - o r i e n t e d  v i e w p o i n t ,  t h e n ,  t h e s e  
s y s t e m s  can a p p e a r  r a t h e r  weakly damped and q u i t e  s e n s i t i v e  
t o  d i s t u r b a n c e .  But from t h e  v iewpoin t  o f  t h e  boundary ,  
t h e y  a r e  immensely s t a b l e  w i t h  a  h i g h  d e g r e e  o f  p e r s i s t e n c e .  
I n  a  s e n s e  t h i s  i s  what e c o l o g i s t s  have a lways  been say ing- -  
t h a t  what i s  i m p o r t a n t  i s  n o t  t h e  e f f i c i e n c y  o f  s u c h  s y s t e m s  
b u t  t h e  p r o b a b i l i t y  o f  t h e i r  p e r s i s t e n c e .  T h i s  o r i e n t a t i o n  
s w i t c h e s  a t t e n t i o n  away from e v e n t s  n e a r  t h e  e q u i l i b r i a  t o  
t h e  e v e n t s  n e a r  t h e  boundary  o f  s t a b i l i t y ,  and i t  i s  t h i s  
s w i t c h  t h a t  f o r  u s  i s  p l a c i n g  s o  much o f  o u r  u n d e r s t a n d i n g  
i n  a very  new l i g h t .  
We s e e  some i n t e r e s t i n g  consequences  which c o u l d  emerge 
by a p p l y i n g  t h e  r e s i l i e n c e  c o n c e p t  t o  p o l i c y  a n a l y s i s  and 
t h e  p l a n n i n g  p r o c e s s .  The a n a l y s e s  d e s c r i b e d  above l e a d  t o  
t h e  r e a l i z a t i o n  t h a t  n a t u r a l  s y s t e m s  h a v e  e x p e r i e n c e d  t r aumas  
and  s h o c k s  o v e r  t h e  p e r i o d  o f  t h e i r  e x i s t e n c e  and t h e  o n e s  
t h a t  have  s u r v i v e d  have  e x p l i c i t l y  been t h o s e  t h a t  have  been 
a b l e  t o  a b s o r b  t h e s e  changes .  They h a v e ,  t h e r e f o r e ,  a n  
i n t e r n a l  r e s i l i e n c e  r e l a t e d  t o  b o t h  t h e  s i z e  o f  t h e i r  domain 
o f  s t a b i l i t y  and t h e  n a t u r e  o f  t h e  dampinp; f o r c e s  n e a r  t h e  
b o u n d a r i e s  of t h e  domain.  So l o n g  a s  t h e  r e s i l i e n c e  i s  
g r e a t ,  u n e x p e c t e d  consequences  o f  an i n t e r v e n t i o n  o f  man c a n  
b e  a b s o r b e d  w i t h o u t  p ro found  e f f e c t s .  But w i t h  e a c h  i n t e r -  
v e n t i o n  i t  seems t h a t  t h e  p r i c e  o f t e n  p a i d  i s  a  c o n t r a c t i o n  
i n  t h e  domain o f  s t a b i l i t y  u n t i l  an a d d i t i o n a l  i n c r e m e n t a l  
change  can  f l i p  t h e  s y s t e m  i n t o  a n o t h e r  s t a t e .  I n  a  d e v e l o p -  
ment scheme t h i s  would g e n e r a t e  c e r t a i n  k i n d s  o f  "unexpec ted"  
consequences  i n  r e s p o n s e  t o  d e c e p t i v e l y  "minor" p e r t u r b a t  i o n s - -  
a  f r eeway  which changes  t h e  morphology o f  a c i t y  s o  t h a t  t h e  
u r b a n  c o r e  e r o d e s ;  an  i n s e c t i c i d e  which d e s t r o y s  an e c o s y s t e m  
s t r u c t u r e  and p r o d u c e s  new p e s t  s p e c i e s .  We seem now t c  be  
f a c e d  w i t h  p rob lems  which have emerged s i m p l y  b e c a u s e  we h a v e  
u s e d  up s o  much o f  t h e  r e s i l i e n c e  o f  s o c i a l  and e c o l o g i c a l  
s y s t e m s .  Up t o  now t h e  r e s i l i e n c e  o f  t h e s e  s y s t e m s  h a s  
a l l o w e d  u s  t o  o p e r a t e  on t h e  p r e s u m p t i o n  o f  knowledge w i t h  t h e  
c o n s e q u e n c e s  o f  o u r  i g n o r a n c e  b e i n g  a b s o r b e d  by t h e  r e s i l i e n c e .  
Now t h a t  t h e  r e s i l i e n c e  h a s  c o n t r a c t e d ,  t r a d i t i o n a l  a p p r o a c h e s  
t o  p l a n n i n g  might  w e l l  g e n e r a t e  u n e x p e c t e d  c o n s e q u e n c e s  
which  a r e  more f r e q u e n t ,  more p r o f o u n d ,  and more g l o b a l .  
The r e s i l i e n c e  c o n c e p t  p r o v i d e s  a way t o  d e v e l o p  a p l a n n i n g  
framework which  e x p l i c i t l y  r e c o g n i z e s  t h e  area o f  o u r  
i g n o r a n c e  r a t h e r  t h a n  t h e  a r e a  o f  o u r  knowledge .  
